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A comparison of the field emission properties of exposed nanotubes lying on a tipped carbon
nanorope, with the emission properties from a sharpened iron tip of similar dimensions is
performed. By varying the electrode separation it is observed that the threshold field for emission for
both structures decreases as the electrode separation initially increases; however, for sufficiently
large electrode separations, the threshold field is observed to reach an asymptotic value. Our results
show that the field enhancement factor is fundamentally associated with the electrode separation,
and depending on the experimental conditions in order to obtain a true value for electric field a set
of alternative definitions for enhancement factors is required. We further confirm our experimental
synopsis by simulation of the local electrostatic field which gives results similar to those obtained
experimentally. © 2005 American Institute of Physics. DOI: 10.1063/1.1989443
Since the first report of carbon nanotubes CNTs1 there
has been much interest in their use as electron sources in
vacuum microelectronics and nanoelectronics.2 This has
been brought about by considerable research in the field of
carbon based cold cathodes3,4 and, in general, coupled with
the ability to adjust the geometric field enhancement factor
by tailoring the physical dimensions height and radius of
the nanotubes. There are now numerous reports of electron
field emission from a range of CNTs consisting of isolated
single tubes,5 well ordered arrays of tubes,6 random mats,7
and, lately, from CNTs embedded in polymer composites.8
Indeed, the high aspect ratio that is found with CNTs is also
found in a wide range of nanotip cold emitter materials such
as Si nanowires,9 W nanowires,10 Cu2S nanowires,11 and
nanobelts of MoO312 making these nonplanar materials a
creditable electron source. There have also been significant
technological developments since the first report of carbon
nanomaterials grown at low temperature.13 To date, both
field emission from room temperature grown nanofibers14 as
well as CNTs growth on plastic15 have been reported.
Despite the different material systems involved, each of
these studies possess at least one fact in common. The emit-
ter material is not a flat cathode but has features possessing
high aspect ratios. Field emission measurements that are
made often attempt to quantify the behavior in terms of the
applied electric field and the local electric field at the nan-
otip, via the field enhancement factor, . Since the local
electric field required for emission will not possess a depen-
dence on the electrode separation, D, one would expect that
measurements of the applied threshold field would also not
possess a dependence on the relative separation of the elec-
trodes, and that the applied electric field would be given
simply as V/D, where V is the applied potential difference. In
this letter we show that this is not the case for CNTs found
on a carbon nanorope CNR. Furthermore, this behavior is
shown not to be unique to nanotubes or nanoropes but also to
applicable to all nonplaner emitters. Therefore, the implica-
tions are significant to most tip emitter structures used by
scientists and technologists. Computer simulations further
confirm the experimental observation. Our results show that
the definition of the field enhancement factor must be modi-
fied in this situation and that this revised definition is appli-
cable to a wide range of nonplanar cathodes.
A carbon deposit was prepared on a graphite cathode
electrode in an arc discharge system in a helium atmosphere
at a pressure of 500 Torr. This deposit contained multiwalled
carbon nanotubes MWCNTs which self-assembled into
bundles or ropes of micron dimensions when post-treated by
grinding and subjected to ultrasonic treatment. In a Cam-
bridge Stereoscan 250 III scanning electron microscope
SEM, the CNR has the appearance not shown here of
high aspect ratio needles that were 1–2 mm in length with an
end diameter of 10 m. The end of the CNRs exhibited
protruding MWCNTs of a few microns in length and ran-
domly spaced, and diameters of around 100 nm. A CNR with
an end radius of 8 m was selected and adhered to a nickel
tip by a conducting silver epoxy. Figure 1a is a SEM mi-
crograph of the CNR with protruding CNT, and anode elec-
trode, the inset being the anode and cathode experimental
setup. An iron tip was electrolytically etched in sodium hy-
droxide solution to approximately the same dimensions as
the CNR for comparison of field emission characteristics as-
sociated primarily with geometry.
Field emission FE measurements were performed in a
modified Cambridge Stereoscan 250 III SEM configured
with a steel probe anode with an end radius of 5 m and a
FE sample stage mounted on the SEM sample stage. The FE
testing system was then connected to the sample stage and
anode via vacuum feedthroughs. Samples mounted on the
earthed stage were tested at different sample to anode sepa-aElectronic mail: r.c.smith@eim.surrey.ac.uk
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rations, measured accurately by the SEM, at a vacuum of
better than 10−5 Torr. A positive voltage was applied to the
anode and ramped from 0 V until an emission current of 100
nA was measured and then reduced to 0 V again. This volt-
age cycle was performed four times for each separate FE test
and the threshold field, ET, defined as the applied electric
field required to extract an emission current of l nA from the
sample recorded. Measurements of emission from both the
CNR and the etched iron tip were performed as a function of
anode-sample separation. In order to remove any possible
effects due to the conditioning of cathodes with time,16 the
testing at different anode-sample separations was not con-
ducted in a sequential increasing or decreasing mode; but in
a random sequence. As the I–V measurements were per-
formed in a SEM, accurate measurements of the anode-
sample separation could be made. The SEM electron beam
and collector voltage were switched off when the FE testing
was performed to eliminate any influence on the measure-
ments. While the end of the iron tip was initially jagged
relative to the CNR, the initial FE measurement resulted in it
becoming smooth on the nanoscale and geometrically simi-
lar on the micron scale to the CNR. This change in mor-
phology is attributed to ohmic heating at the tip and melting
the iron due to high current densities in the sharp asperities
present initially at the end of the tip. No other changes in the
morphology of either sample were observed after subsequent
FE testing. Figure 1a is a SEM image of the CNR and Fe
anode. The main SEM is a higher magnification of the end of
the CNR with protruding CNTs clearly visible. The anode-
sample separation was accurately measured by the SEM and
taken as the distance between the tip of the anode and the tip
of the highest protruding CNT.
Values of threshold electric field Fig. 1b, were ex-
tracted from typical I–V curves. In this case, the applied elec-
tric field, Eapplied, is defined as the applied voltage divided by
the separation; D, between the end of the anode and cathode
tips. Typical ET-D curves are shown in Fig. 1b. The data in
Fig. 1b clearly shows that the CNR has a lower value of ET
relative to the iron tip, over the range of electrode gaps
tested. Figure 1b also shows that, for both samples, ET
drops with increasing electrode gap, with the rate of decrease
reducing with increasing electrode gap.
Since local threshold field, ET
local
, can be expressed as
ET
applied /, and the reduction of ET
applied which subsequently
increases with a flattening of D, implies that the enhance-
ment factor must exhibit a dependence with D. Indeed to
maintain electrode geometry independence for values of
ET
local
,  must increase with D before saturating. In order to
test this hypothesis we have simulated; i a bare iron tip
emitter with nonplanar anode, ii an iron tip emitter with
nine randomly arranged CNT with a nonplanar anode and,
iii a single CNT with a planar anode. The commercially
available SILVACO™17,18 simulation package was employed
to simulate the emission from the experimental setup. The
FE properties of a metallic cathode with a semicircular tip of
radius of 4 m mimicking the etched iron tip, and an iden-
tical cathode but with seven metallic randomly positioned
spikes with approximate lengths and widths of 2 m and
100 nm, respectively mimicking the CNR. Simulated FE
measurements were made between the cathodes and an iron
anode with a tip radius of 5 m using anode tip to CNT/iron
probe tip gaps of 10, 20, 40, 100, 200, and 400 m. The
variation of ET vs separation for an undecorated tip and a tip
decorated with seven nanotubes is shown in Fig. 2a. The
decreasing trend of threshold field is the same as that of the
experimental work.
We further proceeded to simulate an isolated nanotube
and vary anode to CNT separation, recording the threshold
field to see if the effects experienced on isolated tubes are
similar to randomly arranged ones. Metallic nanotubes,
which allow us to ignore the effects of field penetration, of
heights 2, 4, and 6 m with constant 200 nm radius were
simulated with anode to cathode separation increased until
an emission current was no longer observed from the single
nanotube. The value of ET was seen to decrease as the anode
electrode was moved away from the tip of the tube, decreas-
ing to a saturated value, as shown in Fig. 2b, which is
similar to the trend seen experimentally for the protruding
nanotubes of the CNR and etched iron probe, and for simu-
lated CNR and iron probe. Our results clearly point to a need
for an understanding of the variation of  with D. Figure 3
shows the variation of the enhancement factor 1, closed
shapes for an applied field of V/D. It is clear that 1 de-
creases with D before flattening out. This behavior is clearly
at odds with the required behavior discussed in the literature
of a constant threshold field. As an alternative definition we
define 2 open shapes, as the enhancement factor when the
applied field is taken as V/ D−h. In this way we are con-
FIG. 1. a Scanning electron microscope image of the carbon nanorope and
field emission anode. Protruding CNT are clearly visible from the CNR. The
inset shows the anode and cathode experimental setup; b threshold field
values for the carbon nanorope  and etched iron tip  as a function of
anode–cathode gap.
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sidering the separation to be between tip of the highest pro-
truding CNT, and anode. This definition is acceptable as it
mimics the case of the local field distribution between a ball
anode and planer cathode. For large values of D, the curves
converge in the limit of Dh to a value depicted by the
geometric properties of the emitter alone and not the location
of the anode. Three sets of data are presented for nanotubes
of height 2, 4, and 6 m with a radius of 200 nm. The values
of 1 and 2 can be seen to converge to similar values for a
given nanotube. This highlights that at sufficient separation
when Dh the enhancement factor is dependent on the
geometrical properties of the nanotubes alone and not D.
The results of the experiments, supported by these simu-
lations demand that for a nonplanar emitter and alternative
definition of field enhancement factor must be considered.
Both expressions for 1 and 2 can be expressed as
 =
Elocal
V  D − h
, 1
where 01 encapsulates all possible configurations. The
simulation results tie in with the increased threshold field
seen in both experimental and simulated results. The increase
in threshold field and decrease in  has also been shown
experimentally elsewhere.19 Note that for planar cathodes
and planar anodes we recover the usual definition of .
In conclusion, we have shown that for tip based field
emitters the location of the anode plane significantly affects
the field emission capabilities of the emitter, with an increase
in threshold field as the anode electrode approaches the tip of
the emitter. Furthermore, the geometric field enhancement
factor for the emitter is greatly reduced when the anode to tip
separation is decreased.
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FIG. 2. a Threshold field plotted as a function of anode–cathode gap from
the simulation data for both iron tip and seven randomly placed nanotubes.
Inset is simulated iron tip and carbon nanorope with anode configuration; b
threshold field plotted against anode to cathode separation for simulated
nanotubes of height 2 , 4 , and 6 m  with radius 0.2 m. Inset
is simulated nanotube with anode configuration.
FIG. 3. Variation of enhancement factor for a nanotube of h=2 , ,
h=4 , , and h=6 m ,  each with radius =200 nm. Closed
symbols are associated with 1 and open symbols with 2.
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